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ABSTRACT 


This  Import  covers  those  aspects  of  the  rctary-regeoerAtor  gas» 
turblas»eyole  ooeibinution  that  have  ziot  yet  reoelved  treatoiexit« 

The  spaoe  requlrenents  of  heat->exohQj]cers  for  Gaa«turbine**byoles 
are  dlsotissed  arid  an  analysis  is  made  to  illustrate  the  size  advantage  of 
the  rotary^re generator. 

An  analysis  for  rotazy^regenerator  leakage  is  presented  and  the 
verifying  results  of  oxperimentfU.  tests  of  a simulated  sealing  situation  ore 
included.  The  effeot  of  leakage  on  the  oalouloted  regenerator  effeotivensss 
is  analyzed. 

The  optimum  efficiency  oonditio.:^,  of  the  gas-turbine  oyole  Inolud- . 
ing  leakage  and  pressure  loss  are  studied j and  a sample  regenerator  design 
for  a speoiflo  gas  turbine  plant  is  carried  ae  far  as  the  presentation  of 
design  point  curves  for  sizing  the  rotary-regenerator, 

A method  of  reducing  leakage  is  presented  and  the  results  of 
experimental  varlfioatlon  are  shoan. 

Conolusions  are  drown  regarding  the  beat  general  configuration  of 
the  rotary  regenerator  with  respect  to  the  leakage  problem, 

I.  KlTRODCCTIOn 

Ileat  exchangers  that  stor^  energy  in  a solid  medimn,  by  virtue 
of  a temperature  rise,  during  the  passage  of  a hot  gas  and  reject  it  during 
the  passage  of  a odder  gas  are  usually  only  fotmd  in  regenerative  appli- 
oatloua  in  uhloh  what  would  otherwise  be  waste  heat  is  recovered  am  used 
to  the  benefit  of  the  prooeas.  Uenoe,  storage  heat  exchangers  are  oooEionly 
oalled  regenerators.  They  have  been  izi  use  for  mary  years  in  oorneotlon  with 
open  hearth  fUniaaes,  glass  ovens,  and  blast  flimaoes.  Suoh  regenerators 
have  large  brioknork  matrloes  for  a storage  medium,  axsi  the  alternate  flows 
of  air  and  hot  gas  are  oootrdled  by  vdves,  A duplicate  regenerator  is 
usually  employed  to  Insure  oontinuity  of  operation  as  the  reversal  period 
mey  be  long  cui  an  hour.  The  classloal  regenerator  analyses  of  Hausen  (15 ) 
and  Ihisselt  (24)  were  oonoemod  with  this  type  of  regenerator. 

In  the  rotary-regenerator.  Pig,  1-1,  the  matrix  (or  storage 
rnedlim)  is  mounted  on  a disk  or  drun  which,  as  it  slowly  rotates,  is  passed 
through  the  hot  and  odd  streams,  Bea'c  is  transferred  to  the  matrix  while 
in  the  hot  strem,  and  flrom  the  matrix  while  in  the  odd  strenm.  The  ziet 
result  bei^ig  a heat  transfer  from  the  hot  stream  to  the  odd  stream.  A 
sealing  system  separates  the  flow  streems  and  servita  ue  a valving  system. 

The  rotsoy-regenerator  is  known  as  a oross-flow  regenerator,  as  I’elative 
to  the  gsLS  strewdSa  the  solid  is  passing  in  otnss  flow.  A longitudinal 
flow  regenerator  is  possible,  and  would  utilize  a ohain  or  thin  disk  type 
mavrix  rotating  in  the  plane  of  the  flow  streams.  Cox  and  Stevens  (8) 
show  that  a longitudinal  flow  regenerator  is  very  Eonsitive  to  the  relati'se 
velooity  between  matrix  and  fluid.  This  thesis  is  only  oonoerned  with  the 
oross-flow  type  rotary  regenerator. 


The  rotary-regenerator  made  its  “ppearanca  in  the  Ljunsatrom  air- 
preheater  tihioh  is  uaed  in  many  ateam  power  {d.ants  to  preheat  the  oombustion 
air  by  heat  transfer  trca.  the  flue  gases*  The  oonoeption  of  a rotary- 
regenerator  for  use  as  a gas-torhine  plant  heat  exohanger  la  generally  a'itri- 
bated  to  Sitz  (26).  Botary-regeneratora  for  this  serrioe  have  been  the 
aubjeot  of  a txumber  of  theoretical  and  experimental  incveatigationa  in  reoe;^ 
years.  No  rotary-regenerator  aaitable  for  industrial  ■type  gaa  turbine  plants 
la  known  to  haTe  been  built  at  this  time. 

This  thesis  analyses  the  effect  of  the  rotary-regenerator  on  t'ae 
gas  ■turbine  oyole*  and  includes  the  results  of  an  experimental  investigation 
of  the  seal  leakage  flow.  The  object  is  to  enable  unified  design  of  the 
gas-turbine  oyole,  rotary-regenerator  ocrablnation  as  their  performance 
paremeters  are  olosoly  related. 

II.  THE  SPACE  REQUISSnENTS  OF  REGENERATrT^ 

IIEAT-EXCnAIIGERS  III  A GAS  TDRBPgS  CTCLE 

The  simple  CBT^  gas-turbine  oyole  has  a relatively  low  thenoal 
efflelenoy  oomparad  to  that  of  oon^ventional  prime>«aovers.  Other  than  in- 
oreasing  the  ocmpression  ratio  to  12  or  IG,  and  ■with  it  the  upper  'temperature 
level,  an  improvement  can  only  be  attained  by  addition  of  a regenerative 
he at -exohanger.  Interoooled  oompression  and  re-heat  expansion,  while 
increasing  the  speoifio  work  output,  reduce  the  themal  effioienoy  uxiless 
in  a regenerative  oyole <; 

If  oonvectional  shell  and  tube  type  heat-exohanger c trith  normal 
tube  diameters  arc  uaed  in  a gas-turbine  oyole  a very  large  unit  results  if 
a high  thermal  recovery  is  desi2red.  The  themal  reoo-very  system  at  the 
Besnau  40,000  kw  plant  in  Switzerland,  oooupiea  a space  216  ft,  by  29  ft. 

(2)  and  illustrates  this  point,  vrhile  stationary  power  plants  ha've  almost 
unlimited  spaoe  ovailahle,  the  eqaipnent  and  building  costs  might  well  make 
a more  oompaot  recovery  system  desirable. 

The  use  of  a CBTX  loocmotive  cycle  probably  represeata  the 
extreme  of  restricted  spaoe  in  nma-alroretft  applications . The  shell  and 
■tube  heat-ezohangers  in  Brown  Boveri  built  looomotivea  (s),  while  using 
oouBiderable  spaoe  aro  only  about  40^  effeotlve  giving  a themal  effioienoy 
for  the  oyole  soaroely  different  from  ■that  obtained  with  CBT  oyole  loooao- 
ti^ves  in  the  United  States  and  Englard.  A oompaot  heat-exohanger  of  hlg^ 
effeotl^veness  would  be  most  desirable  in  this  application  as  the  gas- 
turbine  loocmotive  will  have  to  oompete  with  the  highly  etfloient  diesel 
type. 


1,  The  ocnventlonal  notation*  C-c-ompressor,  B-lwrner  or  oombustion  chamber, 
T-turbiae,  X-heat  exohanger. 
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The  space  requlreoents  for  ship  propulsion  gas  turbine  plant  heat- 
exchangers  ■nould  depend  on  the  type  of  TOssel  and  v/ould  ho  of  importancec 

In  aircraft  applications  the  regenerative  cycle  could  only  he 
used,  on  tiirho-prop  engines.  Vihile  Rita’s  original  rotarj^  regenerator  i 

studies  were  for  this  application*  the  weight  and  the  duoting  conplications 
rule  out  all  recovery  systems  with  the  possible  exception  of  the  liquid 
coupled  systeoLo 

The  preoeding  discussion  indicates  that  a gas-turbine  plant  heat- 
exohanger  should  occupy  the  smallest  possible  volume.  A brief  study  of  the 
flow  friotion  end  heat  transfer  relationships  indicate  that  small  heat- 
exohanger  volume  eon  be  attained  with  passages  of  small  bydraulio  diameter 
(negleotlng  fouling  problems  for  the  present).  As  passage  size  is  reduced 
the  number  of  passages  increase  while  the  passage  length  must  decrease  if 
the  pressure  losses  are  to  be  maintained  oonstant.  The  conventional  counter- 
flow  shell  And  tube  type  heat-exohe£ig6r  cazuict  sxploit  this  charasteri.stie 
very  far  as  a large  number  of  small  tubes  introduce  oonstruorbion  diffloulties 
and  short  tube  lengths  prevent  the  use  of  oounterflcnr. 

THE  CR0SS-FLO7  RLATB-Fin  HEAT  E.:CIIAIIGEH 

The  oross-flow  plate  fin  heat  exchanger.  Pig.  2-1 (a)  can  utilize 
small  size  passages  without  dlffioulty.  This  type  of  exchanger  Is 
analyzed  in  Appendix  A for  the  oonditions  of  a gas  turbine  cycle  having 
a cold  stream  at  60  psia  and  400^  F,  a hot  stream  at  15  psla  end  1140^  F, 
and  a flow  rate  of  46  Ib/seo.  (approximately  equivalent  to  the  oonditions 
of  a 4000  H.P.  plant).  The  heat  exchanger  is  assumed  to  hove  a oonstant 
temperature  offeotlveness  ot  0.80  a^  a oonstanb  pressure  loss 

(•—)  + (-^)  - 0.04 

Too  solution  for  minium  exchanger  volume  as  a function  of  plate  spacing  X 
is  shown  by  Fig.  2-1 (b). 

Fig.  2-1 (b)  shows  the  decrease  of  exchanger  volume  as  passage 
size  is  decreased  and  also  the  redxietion  of  passage  length  (L  azKi  Aa 

the  air  and  gas  passages  are  perpezidloular  to  each  other,  tlie  height  of 
the  plate  pile  1%,  Increases  (%pidly  as  I*,  and  L,i  decrease.  For  25  |d.ates 
per  inoh  (X  ■ 0.64  in.)  the  dimensions  0.16'*ft.  0.7  ft.  by  ISO  ft. 

Thus,  while  a plate-fin  heat  exchanger  oan  be  of  smali  volme  its  dimensloijfl 
become  \uxRield7«  total  length  would  have  to  be  divided  into  a number 
of  Interoonnested  units. 

THE  ROTART  REGE13ERATCE 

In  Appendix  A a rotazy  r;»generator  is  analyzed  under  the  same 
assumptions  as  the  preceding  cross-flOTr  exchanger,  using  the  ssene  plate- 
fin  of  Mnrfaoe,  and  solving  for  miniimmi  exchanger  volume  as  a function 
of  plate  spacing  X«  (Th«)  rot&ry  regenerator  heat  transfer  relations  used 
are  dlacuased  In  detail  in  Scotlcn  III). 
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The  resiilts  of  this  ocdculatloa  are  shorm  ly  dotted  lines  on 
Pig.  2-1  (b)o  Here  the  volume  can  be  soen  os  essentially  the  same  as  for 
the  eroqs-flco  type,  but  ezohaxiger  dinenslona  as  given  by  length 
diameter  D remain  reasonable  even  for  the  smallest  plate  spaoingsT  Thus* 
a rotary  regenex^tor  can  be  made  small  in  volume  and  still  be  built  in  a 
single  unit  up  to  quite  large  flon  oapaoities.  hi  addition  to  this 
advantage*  the  adjacent  passages  do  not  have  to  -nithstand  the  Hill  prea- 
sure  differenoe  as  a large  miaber  of  than  nlll  be  under  the  seal  shoo  at 
oxie  time  and  the  pressure  differenoe  betneen  adjacent  passages  'olll  be 
small. 

Another  posaibility  is  to  oanpletel^  boparate  the  pressure 
retaining  and  the  heat  transfer  oonpononts  of  the  rotary  regenerator.  This 
can  be  aocomplishod  liy  construoting  a compartmexxbed  rotor.  The  ooiporteient 
walls  together  with  the  seal  shoes  will  prevent  leakage  and  retain  the 
pressures.  The  matrtr  will  be  individually  mounted  in  each  cempartment 
and  nay  consist  of  layers  of  wire  soroen  or  any  other  finely  divided  mate- 
rial which  gives  the  desired  heat  transfer  ajid  flow  friotion  character- 
istios. 

A fouling  problem  will  be  present  in  $uy  heat  exchanger  tslth 
anall  flow  passages  but  to  some  extent  the  rotary  regenerator  will  be 
self -clearing  as  the  air  and  gas  flows  take  place  in  opposite  directions 
in  the  same  passages.  Additionally  there  will  be  fairly  sudden  pressure 
changes  idien  a passage  or  oaapartment  passes  under  the  seal  shoes  result- 
ing in  rapid  changes  in  local  velocity  within  the  matrix. 

The  preoeeding  disousslon  has  pointed  out  the  cliaraoteristios 
of  the  rotary  regenerator  which  lead  to  oonsidoring  it  for  applloation 
as  a gas-turbine  cycle  heat  exohangerc  Together  \jxth  these,  the  inherent 
disadvantages  of  the  rotary  regenerator;  namely  loss  of  compressed  air 
due  to  the  positive  dlsplaoement  oeoasioziod  by  the  rotation  of  the  matrix 
fttid  due  to  leakage  through  the  olearonoes  ox  the  sealing  arrangements. 

Those  problems  are  disoussed  in  more  detail  in  the  following  seotlona. 

Ill,  HEAT  TRAPSFER  RELATICTISniPS  IN  THE 
ROTAHT  HEroilERATOR 

Rotary  Regenerator  Theory! 

Fig,  3-1  (a)  represents  a passage  from  the  regenerator  matrix. 
During  the  hot  flow  period*  hot  gas  at  a constant  initial  temperature  T__ 
flows  throu^  the  passage  at  a oonatant  flow  rate  for  the  duration 
of  the  peidod  G_,  Then  air  enters  the  sane  passage^^fTom  the  oppocito  end 
at  a constant  iHitial  temperature  T_  and  constant  flow  rate  17  for  a 
period  of  length  0^, 
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Fic,  S-l(b)  is  a passage  elcDenb  during  the  gas  flaw  poriodo 
The  principal  aseomptians  mode  arei 

Is  Infinite  themal  oond*iotlvity  in  the  passage 
T7all  pez^ndioular  to  tlio  gas  flcm. 

2 s zero  themal  conductivity  in  the  passage 
Tvall  parallel  to  the  gas  flm. 


Tihese  assumptions  become  exact  as  the  thiokness  of  the  passage 
•wall  approaches  zero.  Asstaaption  (l)  has  "been  analyzed  hy  Saunders  and 
Sholenieo  (SO)  and  they  shew  that  for  an  exTor  of  0,6^  oeramie  mills  must 
be  loss  than  0.05  inches  thiide,  and  for  stool  less  than  0.2  inohes. 
A88UL'.ptlon  (2)  Is  negligible  for  oersmio  matrioes  or  for  packed  matrices 
(such  as  sereens).  For  oontimous  metallio  txalls  the  effect  is  slight 
and  has  been  evaluated  by  Schultz  (SlO  and  Hahnomann  (10)„ 


under  these  assumptions  amlysis  of  Fig,  5«*l(b}  rdll  lead  to 


the  differential  equations 


3.( 


xdiers 


0 ^ Y„  - ^ 


H 'H  •ffn  o 


u ra 


3.^ 


0 i z ^ 


A’hg 
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Equations  (S.l)  together  with  an  identical  set  mlating  the 
variables  during  the  air  blear  period  must  be  solved  under  bouniary  eondi- 
tions  whioh  fix  the  entry  oondition  of  gas  and  air  temwrature,  and  the 
temperature  gradient  in  the  passage  trallfl  at  the  ends  (assumed  equal  to 
zero)t  together  with  a reversal  oondltlooi  uhloh  fixes  the  temperature 
gradient  in  the  passage  »olls  at  the  end  of  one  period  equal  to  that  at 
the  beginning  of  the  nerti. 

Solutions  have  been  obtaix^d  by  Ilausen  (15  )•  II  iff • (16).  Saun- 
ders and  Smolenico  (SO),  Doestad  (4)  and  Johnson  (17 )t  and  their  scope  end 
limitations  are  summarized  by  Coppage  and  London  (6).  These  results 
invblv©  finite  differenoa  methods  at  seme  stage  of  solution.  Fig,  5-2 
shovTS  the  solution  of  Saunders  and  Sbolenieo  for  the  symetrical  regenera- 
tor Arr  • Art*  TT„  " S . 

11  w n.  v> 


ApproK^ate  sdLutlons  are  obtained  by  Tipler  (20),  Coppace  and 
London  (6)  and  Sehaok  (S2).  Coppoce  and  London  hare  extrapolated  the 
more  exact  aolutions  by  use  of.  their  approxiaate  results  to  alloer  for 
variations  in  the  floo  heat  oapaoity  rates  and  for  non-symnietrioal 
regenerators*  liarper,  in  the  disoussion  to  referenoe  (6),  presoxxts  a 
partially  aaperloal  closed  fora  equation  for  rotary  regenerator  internal 
offeotiveness  as 


Tdiere 


J 


L 


Ah 


•whioh  is  aoourats  -Kithln  about  t«e  peroent  over  the  range 


1 -lAo  ^ « 


3.3 


3.4- 


Equation  8*3  enables  a olose  valuo  cf  the  effeotiTeresr  to  be 
obtained  without  requiring  interpolation  of  values  f^rcm  a series  of 
graphs. 


HBAI  TRABSFSR  AED  FLCJT  mOTICH  DATA 
POD  IJATRIZ  IIATERIAL8 

Heat  transfer  and  flow  friotion  data  for  materials  suitable  for 
use  in  rotary  regenerators  has  till  recently  been  soaroe*  The  most  oom- 
plete  work  dealing  with  rotary  regenerator  natrioes  is  that  of  Coppage  (?) 
whioh  oontalna  the  results  of  extensive  exporimentation  with  wire  screens 
and  spheres*  and  includes  a large  bibliograpl^  of  related  topioso  Eays* 
London  and  Johnson  (15 ) give  data  for  plate  fin  t3rpe  surfaces]  and  Saunders 
eaid  Ford  (29)  and  Rose  (26)  give  data  for  beds  of  gramlar  partioles* 
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3Y,  ROTABY  RECTKERATCS:  LEAKACaS 
Gi^mAL  DlSa^SSIOI]  OF  IX^AKAGB 


Tlie  preiresblon  of  leatege  floo  botiTBen  the  hot  sad  cold  itnems 
In  a rotezy  regenerator  preaenta  a deaign  prohLaoif  the  auooeaa  of  nhioh 
Trill  dotensine  the  auooess  of  thia  fom  of  heat  azehs*\ger« 

The  sealing  problein  ttUI  be  aevare  in  applioations  such  aa  the 
gas  turbins  nhere  a hi^  preaaure  differenoe  exists  betneen  the  two 
atreamas  The  sealing  arrangenenta  nuat  adequately  prerent  leakage  flotr^ 
and  at  the  saoe  tine  not  introduce  high  reaiataxioe  to  rotatiouo  %^eot» 
ing  small  aerodynsmio  effeota^  the  power  required  to  rotate  the  rotor  ia 
entirely  absorbed  in  friction*  Since  this  ponner  input  ia  charged  directly 
fi gainst  tno  heat  exchanger,  the  firiotion  loss  must  be  malln 


Leakage  in  a rotary  regenerator  in  a gaa  turbine  oyole  imrolTee 
the  loss  of  ooapreaaed  air  to  the  loo  preaaure  exhaust  aide*  This  loss  is 
oooaaloned  by  flow  through  finite  olearanoos  and  the  positive  displaoe- 
menb  of  air  trapped  in  tl»  matrix  voids  aa  the  rotor  rotates* 

The  sealing  arrangmeuta  are  of  too  general  types  t oontinuoua 
eyllndrioal  seals  sirailar  to  a shaft  aeal«  and  the  main  seals  ohioh  divide 
the  high  and  loo  preaaure  sides  in  the  plane  of  fluid  streams*  Tha  seals 
must  aoocnodate  defleotiona  of  the  rotor  duo  to  thennal  distortion  and 
the  main  seals  must  be  loaded  to  balanoe  the  preasure  existing  beneath 
their  eeiding  faoes*  The  ooDfaixuous  eyllndrioal  seals  oan  be  handled  by 
careful  moohanioal  deelgn*  The  main  seals  preeejat  a more  difficult 
problem  because  of  the  effeot  of  the  displacement  or  carry  over  loss  and 
the  pressxire  feroea  on  the  sealing  faoe  vAiioh  oust  be  balonoed* 

The  main  seals  are  analyzed  in  this  report  to  study  their  prob- 
able lea]cBge  oharaoteristloe  end  the  results  ox'  experimental  tests  on 
this  type  of  seal  la  recorded. 

AHiLTSIS  OF  THE  lIAin  SEAL  SHOE  LEAEAGE 

The  two  possible  classes  of  sealing  arr^geme  tt  in  a rotary 
regenerator  are  shoim  in  Fig,  4-1*  Fig*  4-1  Ca)  illustrates  the  ease 
where  the  seal  bears  directly  upon  the  regenerator  matrix*  This  type 
assumes  the  use  of  a matrix  of  passages « the  walls  of  whioh  prevent  the 
direct  flow  of  air  from  the  high  to  the  low  pressure  side.  Such  a matrix 
oould  be  made  up  of  a close  packed  bundle  of  fine  tubes,  or  from  various 
arrangenests  of  flat  and  corrugated  p^ate*  As  shewn  in  the  illustration^ 
a mmiber  of  these  passages  would  be  between  the  seal  shoos  at  any  instant 


2*  ibryniszak  (14.  14a)  pro  pesos  to  drtve  a rotary  regonemtor  by  Install- 
ii>g  guide  vanea  anc  rotor  (matrix) blades* 


80  that  the  preserure  dlfferenoo  to  he  retadned  by  a sizigle  passage  rail 
is  a aaall  part  of  the  total  pressure  difforenoe* 

Fig»  5»l(h)  UlxMtrates  the  ease  tftiere  tiie  seal  bears  against  a 
system  of  rotor  oonpertanents*  This  type  of  rotor  oust  be  used  '^ere  paobed 
soreems  or  other  porous  matrix  types  are  to  be  usod*  Ilore  too,  & issiber 
of  ocmpartments  are  underneath  the  seal  at  any  instant, 

A oross  seotion  through  the  seals  of  Pig,  4»1  is  illustrated 
sohematioally  in  Fig.  4-2 (a)  where  the  important  relationships  are  re pro- 
duced. 


Hare  the  olearanee  S through  which  leakage  will  take  place  is 
shown,  Uenreaent  of  the  statrix  will  c«u«o  a posltire  displaoemest  of  air 
Aron  one  side  to  the  other*  The  probable  shape  of  the  pressure  gradient 
under  the  aesl  shoe  is  also  indioatedc 

The  leakage  at  the  seal  may  be  analysed  if  the  following  assunp- 
tiona  are  inadei 

a)  low  air  and  gas  velooities  approaohing  the  mtrix. 

b)  loo  relooity  of  matrix  mcrg'ement  oompared  with  the 
air  voloolty  tinder  the  sealing  restriotions, 

e)  that  the  flow  under  the  seal  shoe  past  a pas£>age 
end  is  similar  to  fl<w7  through  an  orifiooo 

d)  negleot  the  resistanoe  to  flow  of  air  from  within 
the  passage,  i.e,  the  air  pressure  within  the 
passage  is  equal  to  that  at  tho  seal  faoe.^ 

e)  suffiolently  large  number  of  passages,  U,  under  the 
seal  shoe  for  Ap  between  adjacent  passages  to  be 
small, 

f ) that  a mean  temperature  oan  be  used  for  the  air 
trapped  within  half  a passage, 

g)  that  the  temperature  during  the  expansion  of  the  air 
trapped  in  « compartment  is  constant,  (isothomal 
expansion). 

Assumptions  (a),  (d)  and  (f ) enable  the  matrix  and  rotor  to  be 
split  on  the  oenter  plane  and  the  passages  considered  to  be  dosed  off  at 
that  plane,  ThusV  4-2 (b)  will  be  analysed  and  considered  equiTolenb, 
with  respect  to  the  leakage,  as  Fig,  4-2 (a). 


"The  Effect  of  Passage  Roeintance  on  Leakage  i'low," 


So  Appendix 


W •• 


Since  the  velocity  cf  matrix  wgvtmgatt  S,  is  much  less  than  the 
gas  relooi'ty  under  the  rostrintions  (assumption  ue  may  asrume  that  vis- 
cous effects  duo  to  matrix  moveraeuw  does  net  change  the  fbm  cf  the  flon» 
Ilencoa  the  flom  rate  throu^  a given  restriction  vrill  ho  assumed  to  he  a 
Ihnotion  of  the  pressure,  and  the  pressure  difference,  (assuaptions  (c) 
and  (e)  ) similar  to  xT  ww  SZl  crifioe  nhore  the  oritio^  pressure 

ratio  has  not  been  i^eaclied.  Thus,  irom  equation  B»9  of  Appendix  B 


(-  4.1 


In  order  to  simplify  the  analysis  of  the  oomhined  offnota  of  the 
flon  duo  to  clearance  and  the  flocr  due  tc  matrix  movement  the  pressure 
\mder  the  seal  ishoe  rrill  he  assumed  a continuous  function  of  This 
agsmintion  hcooBies  mox^  correct  for  a large  number  of  passages <>  In  addi- 
tion the  large  heat  oapaoity  of  the  matrix  material  in  each  oomparbaont 
oompared  to  that  of  the  trapped  air  mill  be  assumed  to  cause  beat  transfer 
suffioient  to  maintain  T oonstaxxt  in  suooessive  oempartments  equal  to 
T (aaaumption  g)«  ^ 


Since 


AP  » 


dP 

dx 


4x-i 


Ax 


AP 


L dP 

T\.  dx 


4.2 


Hearranging  equation  4.1  azid  introduoing  4.2 

1 

X 

1 

whore  A-^k^'Sl  4,5a 

• “o 

At  any  point  X uzider  the  seal  shoe  the  displaoemexxb  flew  duo  to 
matrix  movement  will  bo  proportional  to  the  density  and  the  free  voliaa© 
flow  rate 


<p  (vol.  flow  rate) 
P 


4,4 


- iO 


^hore  '7/^  1®  "tlio  free  volune  of  rotor  and  natrix  beneath  the  seal  shoo  at 
io«r  eae  tine.  For  dial?  type  regenerators  Tdiero  angular  noasure  is  aors 
rspresontative  of  sealing  length  equation  4«4  t;ould  beoome 


to 


As  a function  of  pressure  equation  4.4  oan  be  r/ritten 


4«4a 


W" 
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or 

« r?s 

4,6 

/)W». 

tihers 

® “ mT 
0 

4»5a 

Since  tbs  teaperattire  is  oonstant,  b^'  asiTuaptlcai  (g)»  and 
since  P is  a function  of  and  since  the  total  leakage  T7^  aust  be  oou* 
atant  fron  oontimity  eons idor at  lone  ve  hare 


but 


therefore 


17,  • '’i  ♦ "d 

17,  ■ \ <*’  * (x) 

*r " ° 

±r"‘'3bT 


Using  4.S  and  4.5  in  4.7  nill  glrv 

dx 


TE 


4.6 


4.7 


4.8 


4.8a 


the  differential  equation  defining  the  relationship  ■ohioh  must  exist  between 
the  pressixre  and  the  distanoe  aloxxg  the  c'lOled  area.^ 


•S’* 


- y 


/dP^* 
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A^lth  the  eubatit’jtioa 
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equatloii  4.8  nay  be  rearroaced  to  give 


1 

J 


with  the  substitution  ^ * 


• 2 4.  pis. 

dP  ‘ dP 


equation  4«0  beoanes 


ds 


dP 


3^^  ^)-T 


Integration  of  4.10  glree 


4«8o 


4«9 


4c0a 


4,10 


In 


■ In  P ♦ o*  ■ In  Po 


which,  on  oleorinc  of  logs  and  reairanging  gives 


(i-sy 


Using  oquaticMJ  4 *80  and  4»10  in  4«11 


jUP 

dx 


4.U 


4.12 


4.  If  4,1  had  been  obtained  froa  B.8  instead  of  8.9  the  differential  equa- 
tion would  be 


, «.dPx/,  2L  r^/2L  x/1  dP  T^d^  , 2L  dPx7 


4o8b 


5*  If  4.8b  hod  been  solved  tliis  result  would  give 


dx 

2s  (1  + ^ * ) ^ 
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Eearrancing  4»12  and  intogratinc  between  ISniHo 


f— 

H li- 


. - ja* 


glTing 


^ ‘C  m 

to = « ic  X 


1 - ^ oPj  1 - k eP  1 - g>p^ 


4,15 


Frcm  4«S*  4*5  and  4,6 

1 

TTj  - A(-  ^ BSP 

Substitute  for  dP/dx  from  4,12  giring 

1 

TT  - AL^  (i  ~ ^ ?)  ■*•  BSP 
T o — 


4.14 


but 


t>ierefore 


or 


- BS 


AL" 
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AL 


1/2 
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® "'-yr. 


4.15 


Substituting  4.8a  ond  4.15  into  4.15  gives 


1 V 


1 

r-irr 

1 • «r-  r 
T 


r 


4.16 


the  solution  for  rotary  regenerator  seal  leakoge.  As  4.16  gives  neither  the 
leakage  quantity  17^,  or  the  pressure  gradient  P ts.  Z in  olosed  form  it  is 
tedius  to  solve. 


Equation  4.16  msy  bs  mritten  in  the  fona 


/3Sx^  X 

x^  r 


4.17 


115 


whers  r * P/tg  axJd  « BS  P^,  t}ie  diaplaceTient  flow  at  the  hlgli  pressuro 

side.  This  equation  has  been  used  to  oonstruot  the  solutlrms  graphs  of 
Figs*  4-8  axid  4-4  T7hioh  give  the  leakage  and  pressure  gradient  readily* 

To  use  these  plots  enber  'oith  the  knona  valuo  of 


mxA 


O 


Read  the  qucsntily  which,  ainoe  » BS  is  knotm,  glv^s  TT^o 

Along  the  setae  horieontaT  lino  of  constant  the  rj/r  vs*  x/L 

quantities  can  be  picked  off  and  solved  for  r vs.  x/l.  The  oritiosl  nature 
of  nntohing  the  ooundary  oondition  at  x/L  » 1 is  such  that  high  accuracy 
In  obtaining  the  pressure  gradient  nill  not  be  realized  at  large  values 
of  BS/a, 


Equation  4*16  nay  be  Tjritten  In  the  fom 


X 

'IT'  r 


which  is  perhaps  most  convenient  f«r  direct  mmerioal  solution*  ?sluco  of 
■^2 

Values  of  (■2^)(vr^>  are  asLW.sd,  and  with  ^ » 1,  r must  be  unity*  Ayid  ~ 

* *‘T  gg  APg  ^ ^ 

may  be  detennlned*  V/itii  (~)  known  is  obtained  by  substitution  in  the 

assumed  quaxstlly*  Values  of  x^  vs*  r may  non  be  detezmined* 

Pigs*  4-5  and  4-6  show  the  form  of  the  ndlution  for  r«  «*  4«  In 
Fig*  4-5  tho  leakage  quantity  for  negative  and  positive  rotation  are  shorn* 
Since  a regenerator  nsist  have  the  seals  in  pairs*  one  rotating  with  the 
pressure  gradlont  and  one  against  it|  the  net  ledkage  will  be  the  sum  of 
the  leakage  from  eaoh  seal*  Fig*  4-5  shows  net  leakage  plotted  assuming 

•(X^  “ ^X^  * shows  the  variation  of  pressure  gradient  with 

rotation*  Fig*  4-7  shows  a range  of  values  of  net  leakage  if  **(x^  * 
for  various  proastcre  ratios*  ^ ^ 


D* 


The  effect  of  ohoked  flow  under  the  seels  is  analyzed  in  Appendix 

B3  & 

Choking  will  not  occur  till  high  values  of  |(xM  “*®  reached* 


, BS  ”L  ^T  “ 

with  large  -r-  the  quantity  ^ = — — 

A Wj 


0 as  n„ 


that  is  TT^ 


14 


beooBies  mall  csid  i«  the  term  affeoted  ^7  oholdng.  Thus  eholcing  to^er 
the  seel  makes  710  pTaotioal  ohezige  in  the  Talue  of  17  tmder  the  eonditions 
vivioh  dholdx^  m)Jl  ooouTc 

ECTRRIT.IEHTAL  mTESTIGATIOI 

The  experimental  apparatus  described  in  Appendix  E mas  used  tr; 
obeelc  the  leakage  theory  described  in  the  preoeding  seetian«  The  ealifhr&» 
ticn  of  the  apparatus  is  dosoribed  in  Appendix  S»  The  apparatus  allowed 
for  variation  of  U«  r_  and  B,  all  of  ^hish  appear  in  tto  dimensionless 
leakage  pfuameter  vBS^)'''aDd  tests  were  oonducted  to  verily  that  this 
quantity  does  determine  the  leakage  flow  end  the  form  of  the  pressure 
gradient  o 


Fi|»«  4»S  and  4-10  ahon  l^e  measured  points  and  the  theoreti- 

oal  ourve  for  r • Z,  9ad  4.  The  oorrelatiooi  is  fairly  good  except  for 
at  negative  values  at  HS/K,  This  msy  be  due  partly  to  siall  extraneous 


1 




oew«*eaA4^v«  4 a«4» Jl r»  4^^  Am* 
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pressure  gradients  ooouring  during  negatlro  rotai4.on»  and  partly  duo  to  the 
steep  gradients  no  longer  making  ths  assvmpticei  of  mall  pressure  differ- 
ences between  adjacent  oempartaents  velido  Fig.  4-11  shows  the  leakage 
due  to  oleoronoe  vso  BS/A*  This  quantity  is  seen  to  decrease  with  rotation 

4—  n44-.l«A— 


Figs.  4-12  through  4-17  show  the  measured  piessures  and  the 
theoretioal  wessure  gradients*  The  agremont  is  seen  to  be  good  for 
moderate  BS/k,  but  the  measured  points  full  short  of  the  theoretioal  ourves 
for  large  BS^*  The  correlation  of  differont  oonditions  with  BS/A  is  seen 
to  be  good  even  tdisn  the  theoretioal  ouivo  ic  not  reaehedo 

The  theoretioal  analysis  seems  to  be  verified  by  tbs  experimental 
testa  with  suffioient  accuracy  to  predict  seal  leakage  and  the  pressure 
gradient  under  idie  seal  shoes  in  design  problesis* 


THE  EFFECT  OF  I£A!UIGE  ON  REGEIIERATCB  EFFECTITEnSSS 


Tlis  regenerator  effeotivenass  oaloulated  by  eqxiation  S.8  or  any 
of  the  referenoes  provided  may  be  described  as  internal  regenerator 
effeotivenesSf  as  it  takes  no  aooount  of  the  effect  of  the  leakage 

flow.  An  analyais^^  Harper  and  Rohsenesr  (12)  under  the  assumptions  of 
Fig.  4-18(a)  gives  the  eorreotioa  to  oaloulated  effeotiveness  as 


‘7bi> 


4«19 


This  quantii^^  is  shown  plotfcod  on  Fig,  4-18(b)o  The  oorreoticn  is  seen  tc 
'ise  slight  and  would  not  justify  a more  rigorous  analysis. 
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V.  EFroCT  OF  ROTAHT  REGEHERAICR  PERFOBJAIICE 
OP  GAS^oiTURBUIE  CYCI£  rE2FCHlIAIICE 


In  order  to  evaluate  the  oi^eet  of  a rotcoy-rei^nerator  in  a gaa- 
turbine  oyole  It  ia  nsoesaaxy  to  oonaider  not  only  the  regonez^tor 
effeottvenoae  but  alao  the  preaaure  and  lealzage  loaaea  ooourlng  due  to  its 
uae»  Conaldering  the  gaa-turbtne  oyole  of  Fig.  5-1  together  -vrlth  the  T-S 
dlagraa  of  Pig*  6-2  tlie  follc.7ltig  oyole  analyala  haa  been  oarrled  out. 

Assunlng  constant  apeolfle  heat  and  carrying  the  analyala  out  on 
the  basis  of  one  pound  oi*  air  oompxessed  per  8eosad«  the  ooapressor  trork 
is  given  ly 


illoidng  the  leakage  quantity  the  turbine  -nork  la  given  by 


T 


But  r^  ^ r^  due  to  the  pressure  losses  in  the  oysteai*  These  pressure  loaaea 

ooour  on  the  air  and  gas  aides  of  the  regenerator  and  in  the  ducting. 
Aasumlng  awall  biP/?  In  the  various  oonponents,  the  effect  of  pressure  loss 
t&sy  be  introduoed  ae  a oorreotlon  to  turbine  effioienoy  rather  than  expan- 
sion ratio  (Hawthorne  Ref.  ISa).  Thus 


where 


Introduolng  5.5  in  5*2  and  rearranging  gives 


'*  k 


e 


6.5 


6.5 


’'xi  • -T>  % h']'!: 


1 


So  4 


Tho  heat  tranafcrred  to  the  oycle  hy  ooohuation  is 


9 - (1  -f ) (0(1,  - I ) 


or 


Fran  the  definition  of  erS:emal  regenerator  effeotlTonesn 

T - T, 

7bB  ■ T*  - Tj 

- *2  • ?8E  - (*»  ■ 


or 


m«  X j ^ 

xxie  vurujjjx? 


and  ccBiprcsser  -serk  may  he  vrlttoxi 


TT 


sX 

m: 


^3  - % 


5.t 


5^6 


6„7 


T7 

X0 


V \ 


6o6 


Using  5<7  in  5*6)  5»8  in  5«5  and  5*6}  end  5»6  in  5*5  gives 

, . (1  . ®)  1(1 . - T,)  - 


w 


xT 


(i-f), 


5.9 


For  a regonsrator  to  he  oonsidered  for  a gas  turbine  oyole« 
thermal  effiolenoy  mist  be  one  of  the  moow  important  featorn»  rise  oyble 
should  therefcre  be  desigzasd  to  operate  at  or  near  its  naximm  thermal 
offl.oieney  poiafes  Tha  oyole  effiolenoy  nay  be  Ttritten 


7 


w 

xo 


q 


5.10 


If  aquations  5.I.  5.4  and  5.9  are  introduced  ixTbo  5.10,  it  can  be  seen  that 
for  fixed  temperature  limits,  leakage,  pressure  loss,  end  oonponent  effioi- 
enoios  the  effiolenoy  of  the  oj^lo  is  a funetion  of  the  ooupresslon  ratio 
r only.  For  maximun  oyole  eifieiensy  iuidsr  given  eoaditious  dy/dr  must 
efael  zero.  This  differentiation  has  been  carried  out  and  gives  as  ®its 
result 


- 17  - 


Equation  6,11  has  been  solved  for  a ejrole  operating  hetrsea  60®P  and  1E00®P 
Tfith  ocnpressor  and  turbine  effioienoies  of  0.85  and  0.88  respeotiTaly.  A 
range  of  regezMrator  effeotiTeness,  pressure  loss  and  leakage  loss  have  been 
used.  The  results  of  these  oaloulations  ere  ^ven  on  Fige.  5>8  through  5>7. 
Eaah  plot  is  for  a given  value  of  ^ •nd  is  entered  with  the  desired 

ATT  ^ 

value  o^  and  ^ « The  nazimum  oyele  effieienoy»  the  oompression  r^tio 

for  naxiimaa  effioieno;'«  and  the  ziet  work  output  taay  be  read  off.  These 
results  show  clearly  the  loss  in  cycle  effioicnoy  and  work  output  due  to 
regenerator  leakage.  For  regenerators  of  high  effeotiveness  the  point  of 
maximun  effioienoy  ooeura  at  a Ion  ocnpression  ratio  which  is  advantageous 
for  reducing  lealtnge  loss  in  the  regenerator.  Boeever*  the  speoifio  work 
output  of  the  cycle  is  seen  to  be  low  at  this  point.  The  necessity  of 
keeping  regenerator  leakage  at  a miniinuta  and  of  predicting  the  leakage 
quantity  as  closely  as  possible  is  made  apparent  by  this  analysis. 
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llOTABy  REGEHERATOa  DESIGN 


In  designing  the  rotary-regenerator^  it  tTlll  1}e  necessary  to  fix 
the  overall  matrix  dimensions  along  adth  the  dinensions  of  az^'  rotating 
ducts  suoh  that  nhen  installed  in  the  gas-turhlne  plant  the  desired  plant 
perfcmanoe  trill  be  real. iced* 

A preliminary  analysis  of  tlie  offset  of  the  prinoiplf  natrix 
dimensions  tras  made  by  Harper  end  l^hsenou  (12)*  This  shorred  tliat,  for 
optimtim  plant  perfomanoe  there  exists  a betr*!:  rotational  speedy  matrix  flov7 
length*  axid  Arootal  area*  Therefore*  for  a fixed  gas-turbine  plant  per- 
formance there  must  exist  an  optimias  set  of  regenerator  dimensions.  The 
analysis  here  trill  be  for  a gas  turbine  oyolo  of  ‘lOCC  horseponer  output  szd 
maximun  oyole  efficienoy  of  54  percent*  Figizrea  5-5  through  6-6  of  Section 
V,  define  a plane  In  ooerdinate  system  on  trhioh  oyoles  with 

this  maximum  efficiency  will  ^ found.  Aiy  point  on  this  plane  can  be 
defined  by  tjlie  quantities  AP/T  and  AT7/W  which  will  be  determined  by  the 
proportions  of  the  rotary-regenerator  (the  reqi:ired  effeottveness  being 
attaloed  for  each  ooriflguratlcu)*  The  oorreotiOD  to  the  regenerator  effeot— 
Iveness  for  lealcage  oan  be  obtained  fron  Fig.  4-12b* 

IIATHII  CHARACTERISTICS 

The  matrix  type  ohosen  has  the  geometry  found  by  Coppace  (7)  to 
hare  the  most  fenrorable  heat  tronsfer-frlotlon  power  ohoraeteristlos* 

This  matrix  oonsierbs  of  layers  of  Trlre  sorovsn  arranged  perpendioul  y to 
the  flow  direction*  The  mesh  chosen  (20  x 20^  will  not  giyo  as  oompaot  a 
unit  as  olcser  meshes*  but  it  probably  is  about  the  closest  mesh  for  m 
open  oyole  plant  where  ocobustion  products  must  be  passed* 

iTiitrlx  data* 

mesh*  20  X 20  Tr asTvS  xuOil  X Oo  Cl  inot.  dioneter 

is/s  stainless  steel 
speoifio  heat*  o ■*  0*12  Dtu/lb  F 

heat  transfer  area*  A*  ■ 794  fb^/fb^ 

mass*  m*  ■ 82.6  Ih/ft^ 

hydraulie  redlua*  r^  * 1*0626  x lo"'  ft 

screen  thiolcness  0,02  in 

porosl'ty  ^ ■ 0*852 

Prem  Fig*  6 of  reference  7 the  heat  transfer  correlation  is  given  as 

’•rt  • “ft-  ■ s-1 

and  the  friotiem  footer  curve  has  been  approximated  by 

(n  a •> 

'"Re' 


ROTOR  m” 


Tho  rotor  type  asctzaed  Is  shocm  on  Fig.  6*1«.  Here^  tbs  natxrix 
is  mounted  in  drum  form  and  a section  ot  inlet  and  outlet  ducting  rotates 
Trith  the  matrix.  This  s.rranGement  allocTS  for  small  main  seal  shoes  placed 
at  the  ends  of  the  drum  vdiioh  slr/iplifies  the  equalising  of  seal  shoe  thrust 
and  the  allotTanee  for  therneiL  expansion  of  the  rotor.  It  does.  hoc7eTer. 
increase  the  displacomeut  loss.  For  analysis  the  voids  volume  of  matrix 
plus  rotor  is  assuned  to  he  five  tines  the  total  matrix  volume.  The  drum 
diameter  to  length  ratio  is  assuned  to  bo  1.5.  to  all  on  spaoe  X7ithin  the 
drum  for  the  internal  duotinc.  This  rotor  type  also  allovrs  for  the  turbine- 
oompressor  shaft  to  pass  through  the  rotary  regenerator  shaft,  giving  a 
oompact  plant  layout.  This  arrangement  rrould  be  partioularly  desirable 
for  application  in  a loocnotive. 

Five  rotor  pa3rtitiofns  are  ass'jsiod  to  be  under  the  seal  shoe  at 
one  tinea  Eadh  seal  shoe  is  assumed  to  oovor  20  degrees  of  angle.  That 
is,  the  useful  matrix  volume  is  R20/f.G0  of  the  total  matrix  volune. 


ROTARY  REGEIIERATOR  HEAT  TRAIISFER  RELATIONSHIPS 


Froa  Section  III,  xvith  the  assumption  of  equal  air  and  gas  heat 
oamolty  rates,  the  equation  for  regenerator  effectiveness  is  given  by 


6.8 


■where 


Here 


but 


Aa 

J 

A A 


G*  C fi. 
m*o 


”a  t 


6o4 


— ^Huals  'blie  matrix  volume  flon  rate,  and  henoe,  the  total  displaoe* 

A 


menfc  leakage  may  be  given  by 


W - 6 
D 


or 


IP.  - p.) 

'A  ' VT 


ijp—— .»—inii#lL.^r 


*AV 


"m*”  o 


6.5 


Tdiere  is  the  averse  of  ths  air  and  gas  temperatures  occurring  imder 

the  seal  shoes}  a good  apprciximation  for  regenerators  oi’  high  effect i'veneaso 

Thus,  for  a fixed  value  of  T _ and  tho  gas  aide  pressure  P/.}  /ir»  io  a 
„ AY  G 


T7 


function  of  ^ and  r only. 

D A»hLg 

Since  A ” ’giy  ■ traa  the  heat  transfer  correlation.  Equation 
P 

6.,1,  ve  can  derive 
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and 


vhara 


V 

A -V 

Aa-^i-JJOT 


G.6 


6,7 


1.50  A* 


0.60 


Equations  6,6,  6.6  and  6,7  hare  defined  cdl  the  quantities  appearing  in 
Equation  6.S. 


as 


20PABT  HEGEIIERATOR  FBESSUHS  DROP  BELATIOIISHIPS 
The  total  regonerator  pressure  drop  parsmeter«  /AP\  is  defined 


/AP \ /AP\  /HP  \ 

\t>/0  il*'/" 

X ^ A A «■ 

Let  R equal  the  pressure  loss  ratio 

% - <fV'f  >A 

R*oa  6.8  and  6,9,  with  r • 

AP*  R 
— ® --E 


6.8 


6.9 


6,10 


and 


AP. 


/APa 

"TTX“ 


6.11 


From  the  pressure  drop  fonsula 


h ^ 

AP  - f ^ • 


/o.  2g 

and  the  firiotlon  faotor  oorrelatiou,  Eq;uatisn  6.2,  azsi  Equation  6.11  wo 
derlre  f^oa  the  rJLr  side  pressure  drop  equations. 


6.12 


(f 


6.1S 


Ps 


M 


2.  P-» 


ehere 
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Ueing  Equations  6.12  and  6.2  for  the  air  and  aides  we  obtain 

.0.78 

- p 0-78 


and  henoe 


is 


• IT.  a r 

T ■ **  1 

r"/ 


0.78 


6,14 


6,16 


UETHOD  CF  AHALYSIS 

The  matrix  vbltimo*  alloninc  for  the  40  of  "deed"  nabrlx 

LJI, 


**  2 

f>Ttd  on  using  6«4f  6.6,  6.7  and  6. IS  gives 


7ol 


S60 

■ "a 

820 

n 


r<i  ■ 


6,16 


6.17 


vfhere 


ri  n”**®  j-  Q i.q'>1o28^  _ .78 

[k\  J 


6,18 


and  F-  * Amotion  of  r and  H only  if  T /T  is  aaaxoaed  nearly  oonstaxxtc 

5 p A vF 


Since  the  voltcne.  Equation  6,17  is  defined  in  terms  of  A • 

AP  A®  " ^ 

and  Pj  and  sinoe  l\^»  **  defined  for  a given  regenerator 

design,  the  minimum  reiltase  will  ooour  tdiore 


dP_ 

>0^  ■■  0.  V - aoagtoxb 


6,19 


Equetioii  6.19  was  solved  for  R_  over  a rango  of  r.  Thus,  for  a given  value 
cf  ocmprossion  ratio,  r,  the  ^funotione  and  have  a given  oonatanc 

value. 

The  matrix  passage  lezig'Ui  can  be  derived  c.a 

r.„  . 


The  total  frontal  area  cf  the  matrix  is  given  by  Voi/'iip  and  tli©  air  and  gao 
side  areas  oan  be  obtained  from  Equations  6.15  and  6„1^. 
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RESULTS  OF  AMLYSIS 

The  re  suit  E of  the  prooeding  analysis  are  shown  on  Pigo  6-1 
plotted  against  ATT/^T  as  a p€uraaioter«  All  points  on  these  design  onrres 
define  a regenorator  which  will  give  the  gas-dmrbins  plant  analysed  in 
Section  V the  desirod  output  and  efficiency*  In  addition*  the  gas  side 
to  air  side  pressure  loss  parameter  as  defined  by  R * has  taken  on  values* 
throu(^out  the  calculation  of  these  curves*  that  Cl«e  minlnum  natriac 
volume  iiS  determined  hy  Equation  6,19,  Vilaile  the  results  core  plotted 
against  uw/^  whioh  is  a convenient  parametor,  and  one  of  the  principal 
quantities  investigated  in  this  report*  they  could  have  been  transferred 
and  plotted  against  one  of  the  dimensional  quantities t rotor  diameter* 
rotor  RHJ,  or  number  of  layers  (passage -length). 

Pig,  6-lh  gives  the  matrix  volvmo  for  various  pressure 
drops  through  the  regenerator,  A oomstant  AP/P  ■0,03  for  cycle  ducting 
has  been  assumed,  A 1n^r^^lm^Tn  matrix  voltme  is  seen  to  occur  at  AV0T  * 0,035 
and  (AP/p)g  ■ 0,03, 

Pigu  6«»lo  shows  the  regenerator  diameter  whioh  is  perhaps 
a more  significant  measure  than  matrix  volume.  This  minimum  occurs  at 
ATT/I  ■ 0,03  and  (ap/p)^  • 0,09*  hoaover,  there  is  no  sigaifioant  diffor- 

enoe  in  dismeter  between  the  minimum  for  (ap/p)„  ■ 0,05  and  0,09, 

Fig,  6-ld  gives  rotor  RH.I  whiou  lias  a value  of  about  30  at 
miniratta  diamotsr. 

Fig,  6-le  shows  tho  number  of  screen  layers  required  in  tho 
matrix*  and  is  a measure  of  the  matrix  length  in  the  flew  direction* 

(the  radial  direction), 

V/it-h  the  rotor  typo  here  analysed,  tiie  main  seal  shoe  length 
ie  short  oempared  to  the  rotor  voids  volxmo,  henoe,  even  for  clearances 
of  0,005  Inohea  under  the  seals  the  leakage  parameter  BS/A  is  large.  This 
indicates  that  the  displacement  leakage  constitutes  almost  the  entire 
regenerator  leakage. 

In  o<molusian*  thj,s  design  study  of  a 4000  horsepower  gas- 
turbine  plant  incoXT)orating  a rotary-regenei-ator  shows  that  this  type  of 
heat<i>exohanger  oan  attain  the  required  effeotiveness  within,  a ecnall  spaoeo 
Careful  design  of  plant  layout  and  duoting  should  enable  this  type  of  plant 
to  be  incorporated  in  a looomotive*  or  in  small  ships. 


» 25 


VIIo  REDUCTICn  OF  LEAKAGE  EJ  TIE  ROTABY-RECasmatArOa 


Tho  ancuscb  of  leekaGO  in  the  rotary  recenorator  T^n  applied  to 
a £^8  turbine  oyolo  has  been  ghons  to  be  intiiaately  oonneoted  ■with  the 
design  of  the  cycle  caaponentSe  That  is*  on  increase  of  leakage  at  bhe 
optimuin  design  point  decreases  the  work  output  of  tho  cycle  per  pound  of 
air  ooapressed  at  a greater  rate  than  the  leakage  inorease.  Thus*  all 
the  oa&poneixbs  of  tho  oycle  mist  aoootiodato  an  increased  floo  rate.  To 
attain  a given  cycle  efficiency*  the  regenerator  leakage  also  requires 
an  increase  in  regenerator  effootiveneos*  and  hence  its  sitSo 

lETnODS  CF  EEDUCIIIG  LEAKAGE 

lo  Clearances  « 

If  the  internal  structure  of  the  rotor«snatrix  oenbination  is 
auoh  that  the  volume  flow  rate  during  rotation  is  snail  (as  ^Ith  seals 
bearing  dlreotly  on  the  matrix  passage  ends)*  i.e*  small  BS/a«  reducing 
deal  shoe  olearanoe  will  giv^  good  resultso  Howovor*  as  this  typo  of 
regenerator  vill  have  very  large  seal  shoes  snail  olearanoes  may  be 
voided  by  thomal  dlstartiono  In  addition  the  forces  required  to  support 
large  sealing  areas  against  pressure  nay  introduce  distortion  on  long 
seal  shoes*  and  excess  seal  loading  Trill  cause  high  frlobional  forces 


If  the  structure  of  the  rotor  natrix  combination  creates  large 
volumetric  flotr  rates*  hence*  large  displaoenont  losses*  i.e«*  large 
BS/A|  clearance*  irrithln  lizaits*  has  little  effect  on  leakage  flow.  This 
is  the  type  of  rotary  iregenerator  ■whore  there  is  rotating  ducting  and 
■very  small  seal  shoes  as  in  Fig.  6-1 « 

2*  Seal  Length  • 

If  the  seal  length  is  reduced  in  order  to  reduce  the  flow 
passage  under  the  olearanoes  the  configuration  of'  the  rotor  is  forced 
■to  a ■type  rAth  large  rotational  losses.  Thus*  os  the  seal  length  is 
reduced*  the  leakage  due  to  clearance  beocnes  negligible  and  the  dis- 
^aoenent  losses  increase. 

5o  Rotational  Speed  - 

Reducing  rotational  speed  belon  its  optijmx:  value  for  a given 
effectiveness,  inoreaces  rotor  size  and  tho  sealing  clearance  length  at  a 
greater  rate  ■thsn.  tl»  decrease  of  displaoeDcnt  leakage  and  results  in 
Inoreased  leakage.  Increasing  the  rotetional  speed  above  its  optlnum  will 
cause  large  and  rapid  increase  of  leakage  due  to  dlsplaoement  effects. 

4o  Recovery  of  the  displacement  Loss 

T7ith  anall  seal  shoes  the  problems  of  seal  olearonoe*  support* 
and  friotion  can  be  couveriiently  handlod.  Jlcrwervcr*  as  pointed  out  already* 
small  seal  shoes  ■will  dictate  tho  use  of  rotating  in^temal  ducting  and 
large  dis^aoenent  losses.  Amr  method  to  reduce  tlrie  displacement  loss 
■will  enable  the  use  of  small  seal  shoes  and  higher  rotational  speeds  ■with- 
out increase  of  the  total  leakage  flcRv. 


CROSS  COiniSCTED  SEAL  SHCES 


Rotaxy-T^censrators  i/ifch  small  cleoranoo  areas  (snail  seal  shoes) 
and  largo  rotating  volumes  vdll  establish  large  values  of  the  leakage 
paromoter  BS/a,  Largo  DS/a  cause  large  dif fearing  pressure  gradients  under 
the  seal  shoe  pairs.  The  pressure  gradient  nhere  the  rotor  rotates  into 
the  high  pressure  jregion  is  Ion,  and  vjhcro  it  rotates  out  of  tho  high 
pressure  region  it  is  high.  Thus,  if  a pipe  or  series  of  pipes  nore 
oonneoted  betneen  ported  seal  shoes,  the  pressure  gradient  v/ould  be  equal- 
ised betnoon  shoes  at  each  pert.  It  oan  resuiily  be  shotim  that  as 
BS/a-^  oo  tha  pressure  gradients  becoDO  stopped  at  each  port,  and  that 
for  this  case  tho  leakage  is  given  by 


^ _ r - 1 

■ST 

2 p 


7,1 


■where  is  tho  number  of  porta.  This  ■will  give  adequa'fce  results  for 

DS/a  > 10  providing  the  cross  aormeeting  pipes  are  sized  to  give  negligible 
pres&ure  drop. 


Fig.  7-1  shoaa  the  results  of  an  experimental  ■test  of  a ported 
seal  shoe  set  in  the  range  0 BS/a  *6.  The  .percent  leakage  curve  shens 
that  no  effect  is  cbtfiLlusd  h«ioa  a value  of  OS/A  • 1.  and  then,  nl'bh 
increased  BS/a  the  leakage  is  approaching  the  asymptotic  ’^.lue  given  by 
£q>2atlo&  7.1 « 

Tlia  measured  pressure  gradijmts  graphically  illustrate  tho 
equtillzation  of  tho  pressure  between  shoes  at  each  port. 

From  Equation  7,1,  or  from  Fig.  7-1,  it  is  clear  that  the  sueoess- 
ive  reduction  of  leakage  beocmes  less  ■with  each  added  oonneotion.  ThuSj, 
more  than  three  or  four  oross  oonisctions  bo'tnean  seals  would  not  be 
warranted. 


VIII.  COBCLUblOHS  ABD  RECCHISIIDATIOHS 

In  the  precedijsg  Seotions  the  ro^tory  regenerator  has  been  analyzed 
in  de^bail  trith  rospoot  to  its  application  in  a gas-^turbine  oyole,  Tnis  has 
shown  that-  even  though  a definite  small  leakage  bo^tneen  high  and  low 
pressure  sides  must  exist  it  will  not  detract  from  ■the  size  advantages  of 
•this  type  of  heat  exohangero 

Aa  ooalysis  cxd  experimental  invostigation  of  seal  leakage  in  the 
rotazy  regenerator  has  been  uesoribed.  The  theoretical  results  are  quite 
adequa'fce  for  seal  design  purposes.  The  me'bhod  of  reducing  the  dlsplaoement 
loss  by  cross-oonneoting  ported  seal  shoes  is  shown  and  gives  oonoiderublo 
promise* 


A rotary-regenorator  has  been  sizou  for  a speoifio  gas-'curbino 
plant  requirement . Tlie  effect  of  choice  of  pressure  drop  and  leakage  rate 
are  shown  by  design  point  ourveB.  A suggested  plant  layout  is  presented 
to  enable  ■visualization  of  the  space  requirenorefes  of  the  rotary-regenerutoro 
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A gonerol  oonoluslon  me^  be  dram  ihat  the  best  ororall  rotary 
receziorator  arrangenent  Tdll  hare  a rotor  oozrtainiiie  the  matrix  azid  a 
ay^  >n  of  rotating  oa&partmented  duota  loodlnc  out  to  aoall  seal  ahoes. 

The  seal  ahoea  can  ba  proaauro  balanced  by  a diaphrem  or  piston  tdiloh  ean 
be  pressurized  by  a port  in  the  seal  shoe  itself.  The  location  of  this 
port  along  the  pressure  gradient  Tdll  depend  on  the  seal  area  and  piston 
area.  This  loading  foroe  should  be  Just  sufficient  to  keep  the  seal  in 
close  contact  rdth  the  rotcr  campart»nta«  but  not  to  oai;s'd  excess  fric- 
tion. If  thn  seals  act  on  opposite  faoes  of  a dzm  type  rotor*  thermal 
expansion  of  the  rotor  \7ill  not  result  in  great  difficulties.  As  suoh  a 
rotor  T7ill  oontain  largo  rotating  7olumes  a systec  of  seal  porting  and 
oross-oonneoticn  should  be  used  to  minimize  leakage.  This  general 
arrangement  oith  the  matrix  maunt-ed  in  a number  of  separate  oempartments 
trauld  facilitate  prorision  for  separate  romonral  axxi  replaoetaent  of  matrix 
elements. 

lUSCaSElJDATIOrS 

Tlio  t7ork  of  Coppage  (?)  has  givon  adequate  heat  transfer  end 
flon  friction  data  for  matrix  forms.  This  report  has  oorered  the  prob- 
lems of  seal  leakage  adequately!  provldijag  tlie  oLuuuor  of  ociapartiuOuts 
Tinder  the  sool  a*o  one  tine  is  greater  than  about  six  or  eight.  T/hile 
the  results  oan  probably  be  applied  Tdth  fair  aoouraoy  to  leakage  for 
fewer  o«npartnents  under  the  seal*  the  assumptions  of  the  analysis  ore  no 
longer  ralid  and  the  pressure  gradients  will  no  longer  apply.  Finite 
difforenoe  methods  shtxild  be  oarrxed  owv  for  tliiw  oa»o.  Tlio  sf foots  of 
oross-oonneoted  seal  shoes  have  only  been  analyzed  for  large  values  of 
the  leakage  poremetert  3S/i*  where  it  most  u»el\il.  Mditional  analy- 
sis ooixld  bo  oorried  out  to  obtain  a result  for  ES/a  between  0 and  10. 

The  preceding  recoBmendations  for  further  work  are  sonordrat  de- 
tailed. It  TTOuld  appear  that  the  most  fruitful  next  step  would  ba  to 
design  an  exmrinenbal  rotaxy  regenerator  of  oomrenient  size  and  o ou- 
st x*uot  ion.  Aaong  th©  doslrablo  propertios  woTzld  be  to  arrange  for  intor- 
ohanging  matrix  elements.  This  would  allow  aotiud  regenerator  tests  with 
varying  matrix  oonflguratlons*  al<mg  with  tho  other  variables  of 
rotational  speed,  flam  rate;  and  temparaturo  levels.  The  sealing  design 
would  also  reveal  any  problems  that  have  not  b^n  oppaiwnt  in  an  idealized 
studty  of  sealing  alone. 
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APPBUDIX  i. 

WFWf!  OF  PASSAGE  CI/OIETER  OR  HEAT  EXCHAIISER  VCLUUB 


For  tho  tri«ngal«.7  pMs^ga  of  Fie.  2-1*  a flow  ft^lotion  and  h«at 
transfer  oorrsiaclon  «a«  oltainikl  traai  Pig.  16  of  1^ya«  London  aod  Johnson 
(16)»  tc.r  th*  lanijar  flow  ran£o»  as  follows. 

f - 4,60  (1^)*°*^  A.S 

Asttalng  perfeot  gocmetry  of  the  trisn^oXar  passage*  the  equlvaloat  dlnnoter 
is  ^ X,  where  X is  the  center  to  center  plate  spaoi^  and  /3  has  a Tslue  of 
0,666.  The  fraotlon  of  frontil  area  available  Ibr  flow  is  f where  f has  a 
Tslue  cf  0,80, 


Asanxae  the  following  ocnditlons  for  the  heat  exohangers*  whidh 
are  typical  of  those  found  in  a gas  turbine  oyoloo 


A Ail 


T • 86(f  R 
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• 1600®  E 


T^j-0.80  ir^- 

Frou  the  definition  of  effeotiwenese 


T^-  1462  R, 
• 148® 


» 46  */see 
G 

• le  derived 

• iooe®B 


A.S 


A«4 


The  Plate-fin  Cross-Flow  Heat  Sxehanger 

TTsing  the  dimensional  notation  of  Fig,  2-la,  the  Fanning 
equation  for  the  air  side  pressure  drop  may  he  written 


L 0 * 

A,  6 

TT 

mTid  «s<ng 

C U ' 

A.6 

end  defining 

% - 

A^7 

tAMf:)wir  with  ecmefclsn  A,2  glras 
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where  the  quantitloe  ere  oonsteat  and  haire  heeu  evaluated  at  nean 

tanperatures  ^ere  appli^kbleo  Prooaadinc  ainilarly  we  have 


S ^ « 0.^8 


*0  H 


FroD  the  Bewtcm  relatien 


q - 


where  T ■ oroea  flow  facrtor 


IT  - hj/(X  * 


A - 6LjJ^I£ 

Waera  £ is  fin  effeotirenesa*  azsi  aeanaed  oosatast  and  equal  to  OsTK}} 
together  with  A.IO  and  A.ll  we  derive 

L I.  °*®® 




Ualng  A.8«  A.  9 and  A,12 


and  iTom  a«« 


Fi(R  ? 

L .W 

*'g 


L • P (B  )L 
^A  5 p'  G 


Tho  voltnno  is  by  L L » 21& 

A a 


r ?j>  (H  ) P } 7 ^ cc  ^ eg 

- J-  .-.P-..  S,j>..  - P(fi  ) 

L P (H  ) J P 

I p 


A.16 


For  minSisua  Tolisne  for  a fixed  plate  spaoitig*  the  rolue  of  B for  P(e  ) a 
minlroan*  iras  determined  aad  founi  to  be  aboat  unity*  P P 

Tha^-  La  (^)f.  ■ minimum  Toluoe, 

A V A A 

trith  R * unity  equations  A*18  bhrough  A*16  mere  used  to  deteralxm 
the  solid  cunnesPof  Fig,  2-1, 


Regenerator  mlth  Plate-Fin 


Surface 


I^ooeeding  in  a slmil.ar  manner  as  abovCf  but  using  the  notation  S 
for  matrix  frontal  oreSf  henoe 


me  oan  derive 
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"A  ^ P 0.615 


-A 


A « 8 
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FVem  Seotion  in  me  have 


where  A*  » ^ m*  = S5 

Tf  #« 


hA*« 


A.18 


mfcsre  ^ is  the  displaoement  leakage  and  ^ ie  talcsn  as  0,02, 

A 


nro&  the  relationshipa  A*l?  and  A.18  are  foand 

S.  - F,(S 
A 4 P 

- 7.(8 
5 p 

and  rrom  A.17  S_  * )3* 

V O P Jl 

Allowing  40  degrees  of  dead  rotor  for  sealing 
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A.19 
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S2C  o pi.  6pJ4p 


Ao20 
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ourres  of  Fig.  P2«l.  For  drum  diameter  it  was  taken  that  the  drum  length 
and  diSDOter  wore  equal.  The  value  of  R ■ 20  gives  ®o/®»  * 1»22,  the 
ratio  of  the  gas  to  air  sidee  of  the  regenerator. 


AFrBWIS.  B 

THE  STHAIOUr  TTkOUSH  LABYEIUTH 

The  leakage  flow  between  the  seal  shoe  and  the  partition  or 
passage  vrall  of  the  rotor  is  asstmed  to  act  as  an  oriAoe.  See  Fig.  A»l< 

The  flow  equation  through  the  olearanoe  S mtiy  be  written 


V*(n  e 1)»  - V* 
t 

26 


C (T  - T.  J 
p n (n+1/* 


B.l 


where  •*  ® seotlon  a*j  td»re  the  pressure  equals  Generally 

the  kinetio  energy  of  approach  to  the  nth  olearanoe  will  be  a INmotion  of 

■f  • "•  V “=  ’^(,♦1). 

usnltwl.  (|_)^  - .7(^,0) 


are  of  the  same  order  of 
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TThioh  ^^len  introduoed  Into  equation  B:8  girsa 
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Since  this  fomuXa  ia  valid  only  for  > 0.68  that  ir«  0«47; 
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The  equafticn  of  continuity  for  the  givea 
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Pr. 


Pn^l 


1 .ii£ 

^ k P 
n 


P n*l 


r n- 

, 2 A? 

* * k P 
n 


Introducing  B«8  and  B»6  Into  B*d 
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Introduce  a ooefflolent  oCsuoh  that  ao(."  a*  chers  a ■ L,  »6*  the  diaensicBS 
of  tbs  eleazvoioe. 
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Bquabloa  B.6  has  been  solved  bjr  Egli  (rof . 9a)  to  give  the  flow  through  a 
lahyrlUith  seal* 


T7  -fV  h^-h^  H 


a ♦ In  •=-  j 


v 6 r~^ 

In  ^his  solution  EgXi  uses  0 • f(r^  • ourxy—orer  ooo^lcionb 

for  tho  strai/3Jit  through  labyrinth  and  has  obtalnod  sspsrlmontal  ralues  of 
for  a range  of  o/A  and  n usdei*  the  assumption  of  oonstant  flow  ooefflolent 
•'?lfor  ail  the  orifioes. 


Using  a * OL  the  olearanoe  area  cuid  the  oarryoorrr  ooefflolent 
as  deteminod  by  Egil*(Fig.  B-2)  equation  6.6  may  be  trrltten 
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If  the  tem^^  is  oonsldered  small  oompared  to  tmity 
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B.8 


6.9 


sdiloh  gl-ves  for  a solution  of  the  labyrinth  nroblea 

p 2 p 2_i- 
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Comparing  the  approzlcmte  solution  of  equation  B.IO  with  6.7  gives 

- r=* *>?,/»>, if 
5*1 — 

1 


B.IO 


r *>  , 


Thus  for  the  approxlnate  solution  to  be  valid  the  natural  log  of  the 
presaure  ratio  ^ twice  ths  ismiber  of  throttllnga  n 

must  be  voall  oampared  to  unlly. 


APPgiapiX  C 

EFFECT  OF  PASSACE  SESISTAUCB 

In  the  analysis  of  rotary  regenerator  seal  lealcage  given  in 
Seotlon  1T«  tiie  assmptlon  was  made  that  the  resiatanoe  to  outflow  frem 
a matrix  passage  or  oompartananb*  dixring  Its  traverse  of  the  seal  ahoe, 
could  bo  no  ^looted.  That  Is^  tho  prossu.v  Ov  ^'v^uv  wi'w<i3a  a maunx 

passage  was  telosn  as  equal  to  the  nreseure  In  the  passage  end  at  the 
seal  faoe« 


To  verily  this  aesaaption^  a simple  oonservatlve.  analysis 
wai  made.  Assuming  the  passage  resistance  to  be  oonoentrated  at  the  exit 
to  a ohisnbor  of  Tolun>3  oqusl  to  the  passage  volume,  ths  equatitm  for  out- 
flow trader  & sudden  pressure  release  gives 


. S8 


Llh 


«tA 


•when 


iSg 


•13d  Z«  • cue  half  th|^total  pessago  length* 

The  naxisBin  passage  ^ in  a gas  turbine  oyole  rotary  regenerator  is  lUosly 
to  be  about  500*  l.eP  L/D  here  e^nls  260*  For  this  ease  the  pressxure  in 
the  passage  (ohanber)  ulll  fell  90  psroent  of  the  total  pressure  drop  in 
•boot  *002  seoondc*  This  is  aueh  a shorter  time  than  the  mlnlxmzn  of  about 
0.02  seoonds  to  traverse  a ssal  shoe.  Thus*  v»  say  oisri£;;ider  the  aa sumption 
of  no  l^toj^3al  passage  resistenee  as  valid. 

If  in  eone  particular  appliostioa  the  passage  resistsnoos  were 
higher  a sealing  analysis  oould  be  carried  out  Uaing  finite  differenoe 
methods.  However*  the  work  jequired  might  not  cc  ratified  as  the  intro> 
duotim  of  high  passage  resistance  will  bring  the  total  lealcage  closer 
to  the  SUB  of  stationary  leakage  plus  dis^dEuiflBient  loss. 

APPENDIX  D 

CHOKED  PLOT  TJIJDER  THE  SEALIDG  SHCK 

4109  xxow  4 « w VA«4  uu^A  m OnAxwe  rtfswu  a 

or  ohoked  vmluc,^  when  the  sonio  welooity  is  reached  in  the  cozrtraoted  Jet. 
The  orltioal  pressure  ratio  at  whioh  choking  ooours  is  given  bi 


TT  " ^ 

The  value  of  ^ * !•-*  -*  1»89.  Sinee  dp/dx  and  <i*p/dx^ 

are  negative  for  positive  rotation*  oboking  oim  only  ooour  In  the  last  « 
restriotioo.  For  negative  rotation,  since  dp/dx  is  negative  end  ^p/dx^ 
is  positive*  choking  will  oooUr  la  the  fls^st  iseBtrioticai.  This  eondition 
will  be  reached  in  the  seal  leakage  Usages  for  \BS/a\  large  and  n snail* 
For  a given  oase*  for  lS(  large  and  n aBall*  To  detemine  if*  for  a given 
BS/i*  ohoked  :?law  has  been  reaohed*  the  leakage  equation  is  solved  for 
w^p/lPg,  For  |»0Bitlve  rotation  \BS/A  ■ o)  it-  is  neore  solved  for  x/l»  with 

p/p^  « 1*89  iua  if  xA*  > u-l/i  oholciiig  has  ooourred.  .For  negative  rotation 

'2  ^ n.  _ p jp 

(BS/a  » «)•  x/L  is  solved  for  with  ^ ^ and  if  x/t  < 1 


ohoklng  has  ooourred 
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Solution*  f 


e if  CholcinR  h**  Ooounrea 


derived  es 


The  equatioa  for  floe  rate  tbroo^  a choked  restriotion  may  be 
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which,  for  air  k • 1«4,  roduoes  to 
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Froa  the  leakage  solixtlon 
1 1 
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X i 1 


using  D«8  to  give 
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enere  xs  one  ooxy  unimown  xox*  a given  oase*  Kxcn  aevemined  equa'CiOQ 
0.7  nu^r  ba  solved  for  the  pressure  gradlexxb  for  Pd  P^^  giving 

values  of  0 ^ • 

It  n 

Begstbive  Rcfeacbion 

Ssre  the  ohoking  -eill  ooenr  at  the  high  pressure  end  of  the 
shoOs  Araa  equation  0,6 
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For  this  case  the  leakage  solution  beoensa 
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May  be  solves  for  the  pwsaurw  greoiatit  in  the  raisge* 
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APFBHDg  B 

DESCRIPTIOS  OF  APPARATUS 

The  diagraa  of  Fig.  E»1  ahows  the  method  ueed  to  oarry  out  the 
regenerator  seal  teats  and  to  record  data. 

The  rotor  passages  mere  laid  out  on  a oirole  ei^t  inches  ir 
dianeterf  the  section  of  the  oompartmezits  being  ene  ixu)h  vide  at  the  soal 

face  and  tno  inohes  deep.  The  oaspartmentc  -mto  spaaed  at  three  degree 
interv^s  around  the  rotor.  Figure  E-S  shoos  a general  viem  of  the  rotor 

end  the  undlerside  of  the  upper  assembly.  Loss  of  air  to  the  outside  maa 
prevented  hy  too  inch  aide  mating  faces  on  either  side  of  the  oompartmentse 
The  upper  asaemhly  tms  spring  loaded  against  the  rotor.  The  spring  foroe 
being  adjusted  to  halanoe  the  air  pressure  undenaoa'bh  the  upper  assemTily. 

Figure  B*2  is  a gener/al  vlear  of  the  apparatus  layout.  The 
eleetrio  notor«  mith  variable  speed  pulley«  drlvss  the  rotor  through  a 
four  step  pulley  set^  a vorm  reducer  ani  chain  drivs.  The  drive  gives  a 
contimioua  variation  of  rotor  speed  of  ten  to  one.  Sinoe  there  is  only 
one  test  seal  , shoe « the  elsotric  motor  ia  reversed  to  liiaulste  positive 
or  negative  rotation  seals. 

Figure  shoes  the  three  test  seals  used.  These  shoes* 
being  of  different  angular  lengths*  euable  tests  to  be  run  Tdth  the  nonber 
of  sealed  passa^s  (sO  equal  to  B;  l?  or  16.  The  eloaranoe  beteeen  the 
seal  shoe  faew  and  «u  Varied  citst  % range  from  O.OQI  to  0.009  inohes« 

Figure  E-5  shoea  the  static  test  piece  used  to  calibrate  the  apparatus  and 
to  debertaina  the  flom  ooeffiolest  under  the  indivldi;al  restrlctlcGs. 

Method  of  Obtaining  Data 

Itelianinasy  data  was  obtained  by  conneoting  the  ststio  test 
p&eoe  (^g.  to  the  air  supply*  manometer  04Kmeotioas*  and  metering 
system  of  Fig.  S-2.  A given  pressure  ratio  oas  applied  across  the  test 
seotien  aiod  air  flcrn  readings  taken.  This  mas  done  for  a range  cf 
dle&:.'euioes  by  changing  the  gasksta  and  ahhas  between  the-  statie  test  piece 
halves.  The  statie  test  piece  originally  had  17  partitions.  These  were 
removed  in  steps  of  four  and  tbs  above  prooedure  repeated. 
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The  main  teab  aeotlca  (Figs*  E-1  and  £-5)  aas  nov  eonneoted  ttp 
and  fleer  readings  takeof  irlth  the  rotor  stationary^  enrer  a range  of  seal 
^oe  olearanoes  in  order  to  oallbrate  the  unvranted  leakage  past  ooraars 
and  amall  oraoks  inherent  irith  the  use  of  an  adjustat>le  interohongeable 
seal  shoe. 


"ith  the  oalibration  oomplote*  tests  isere 

made  for  various  rotor  speeds*  shoe  lengths*  olearames*  and  preasura 
ratios  as  rcssrdad  in  Section  IV* 

Duving  tests  tlis  pressure  was  equalised  between  P.  of 

Figure  Thus*  the  total  leakage  mea&  urenent  we.s  the  sum  ‘of  the" flow 

meter  reading  jAus  (or  minus)  the  Toltcaeti'ic  flow  rate  at  oonstant  pressure 
between  Pg  and  P^*  The  pressure  P^  was  adjusted  1^-  eontrolling  the  flora 

out  of  that  section  or  if  neoessary  by  introdueing  air  from  the  air  supply 
tank* 


The  8upid.y  air  pressure  was  lield  oonsttint  by  an  adjustable 
pressure  redjsiiig  valve*  The  metered  air  was  measiured  in  either  of  two  flow 
meters  giving  a flow  measurement  range  of  100  to  1.  The  pressure  P.  and 
the  sesT  shoe  pressures  were  measured  on  106  inoh  scroury  U=tubes*  ^The 
pressures  Pg*  P^  *«nd  the  flow  meter  pressure  were  obtained  on  40  inoh 
water  TMubes* 


The  rotor  speed  wsis  obtained  from  revolution  counter  readings 
and  a tizio  period  reading* 
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NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  afHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  VTTH  A DEFlNTl'E^l^Y  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  TREREI^'^  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  «>td  '»’HE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANT  WAY  SUPPlf-IED  THE 
SAID  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA  IS  NOr  TO  BE  REGARDEP  HY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OH  ANY  OTHER 
PERSON  OR  CORPORATION.  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE 
USE  OR  SELL  AJJY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 
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